Immunotherapy has revolutionized cancer treatment. In nonsmall-cell lung cancer (NSCLC), monotherapy with immune checkpoint inhibitors has improved survival in metastatic disease. Combinations of immune checkpoint inhibitors have shown synergy in preclinical models and are being studied as part of the treatment armamentarium in NSCLC. This review discusses the rationale, outcomes, and challenges of combination immune checkpoint blockade. Despite the challenges, this paper also presents some solutions and ways to improve our understanding and implementation of such combinations in the future.
Introduction
Immunotherapy has revolutionized the therapeutic landscape of advanced non-small-cell lung cancer (NSCLC). In the last decade, immune checkpoint antibodies targeting the PD-1 (programmed death protein)/PD-L1 (programmed death protein ligand) and CTLA-4 (cytotoxic T-cell lymphocyte antigen 4) pathways have been evaluated extensively as a treatment strategy for multiple solid tumor malignancies, including lung cancer. Nivolumab is a fully humanized immunoglobulin targeting PD-1 that was first approved by the US Food and Drug Administration (FDA) for the treatment of advanced NSCLC. 1 Additionally, checkpoint inhibitors are now approved for the treatment of advanced NSCLC in the first-line setting (as monotherapy in patients with PD-L1 expression ≥1% or in combination with chemotherapy) and as a monotherapy in previously treated patients. [2] [3] [4] [5] In contrast, ipilimumab and tremelimumab are anti-CTLA-4 antibodies that do not have clinically meaningful efficacy as monotherapy in metastatic NSCLC. Although anti-PD-1/PD-L1 therapy has improved outcomes of patients with metastatic NSCLC, many patients, especially with PD-L1 negative tumors, still do not respond to immunotherapy. 6 There remains an unmet need for evaluation of biomarkers for patient selection and identification of combination immunotherapy strategies to improve the clinical efficacy of checkpoint inhibition in advanced NSCLC.
In the last few years, there has been a great interest in evaluating dual checkpoint blockade as a therapeutic strategy for advanced malignancies. Results from the majority of trials evaluating dual checkpoint blockade show that combination therapy is associated with a higher and more durable tumor response, albeit with risk of greater toxicity when compared to single-agent immunotherapy. 7 There is extensive published literature on the clinical activity of dual checkpoint inhibition in advanced NSCLC and there are several clinical studies ongoing. Data from these trials will be crucial in shaping the future of immunotherapy in patients with NSCLC. The purpose of this review is to summarize the clinical development, safety, and efficacy of combination anti-PD-1/PD-L1 and anti-CTLA-4 therapy in metastatic NSCLC.
Methods
A literature search was conducted for clinical trials reporting on the combinations of CTLA-4 inhibitors with PD-1/PD-L1 inhibitors (i.e. ipilimumab with nivolumab or tremelimumab with durvalumab). A search of ongoing studies using these combinations with additional agents was conducted.
Information was obtained from Clinicaltrials.gov (accessed: June 15, 2019, Keywords: anti-PD-1, anti-PD-L1, anti-CTLA-4, lung cancer). Additional publications and presented data were added following peer review to incorporate updates from major conferences. A brief review of the immunobiology and pharmacology of immune checkpoint blockade was performed and summarized for context.
Results

Basic principles of checkpoint inhibitor therapy
The use of checkpoint inhibitors in NSCLC is based upon the paradigm that cancer is an inherently genetic disease. Tumor cells are genetically unstable and acquire numerous nonsynonymous mutations. 8 Some of these mutations occur in the expressed genes that are involved in peptide generation in the cell cytosol by proteasomes that are in turn presented by MHC class I molecules on the surface of cancer cells. [9] [10] [11] [12] During physiological "immune-surveillance", the T cell receptors (TCRs) bind to these non-synonymous neo-antigen peptides loaded on MHC molecules and can identify cancer cells as 'foreign' leading to cell lysis and death. Tumor cells can evade this fate by exploiting the PD-1/PD-L1 and the CTLA-4/CD-28 axis. 13 PD-1 is a checkpoint protein present on the surface of the T cells. The function of this checkpoint is to downregulate cytotoxic T-cell responses by binding the ligands PD-L1 and PD-L2 on tumor cells or in the tumor microenvironment. CTLA-4 is another checkpoint protein present on the surface of activated T cells in the lymphoid compartment. 14 It competes with CD-28 receptors to bind to B7-1 (CD-80) and B7-2(CD-86) present on antigenpresenting cells. The interaction of CD-28 with B7-1 and B7-2 acts as a costimulatory signal for T cells; however, in competing with CD-28, CTLA-4 inhibits the activation of T cells. 14 Blockade of these inhibitory signals by anti-PD-1/PD-L1 or anti-CTLA-4 antibodies reduces tumor 'immune evasion' and restores 'immune surveillance', leading to tumor reduction and response.
Anti-PD-1/PD-L1 and anti-CTLA-4 agents act at different parts of the cancer immunity cycle. 15 Combining these agents is synergetic and could help overcome resistance to singleagent immunotherapy. 16 Preclinically, this combination has shown promising enhancement in antitumor activity and is associated with the upregulation of the tumor-infiltrating effector and regulatory T cells. 17, 18 Multiple clinical studies have been conducted to test the efficacy of dual checkpoint inhibition in solid tumors, and the combination of nivolumab plus ipilimumab is currently approved by the FDA for frontline treatment of metastatic melanoma and renal cell carcinoma. [19] [20] [21] A brief pharmacological overview of the checkpoint inhibitors can improve our understanding of the different clinical trial designs and dosing strategies for combined checkpoint inhibition with anti-PD-1/PD-L1 and anti-CTLA-4 agents. Ipilimumab is a human IgG1 monoclonal antibody (mAb) that targets the CTLA-4 antigen, found on activated T cells, and is cleared in a linear manner without time variance. 22 In patients with metastatic melanoma, ipilimumab (0.3-10 mg/kg) dose and minimum steady-state concentration have been associated with overall survival, while other efficacy outcomes are more closely associated with C minss . 15, 22 Treatment with higher doses of ipilimumab does appear to be associated with higher incidence of immune-related adverse events (irAEs), and C minss of ipilimumab has also been correlated with higher irAEs. 15 Nivolumab is a fully humanized IgG4 mAb targeting PD-1 that also exhibits linear clearance, but unlike ipilimumab, its clearance varies over time. Additionally, nivolumab exhibits no dose or concentration-dependent relationship with efficacy. 23 However, in patients with NSCLC, nivolumab doses of 3 and 10 mg/kg, as well as C minss , were positively correlated with response rates. 24 When given as combination therapy, the clearance of nivolumab increases in the presence of ipilimumab, but the clearance of ipilimumab remains unchanged. 25 Tremelimumab is another human IgG2 mAb directed at CTLA-4. Similar to ipilimumab, it displays linear clearance at doses studied in NSCLC. 26 Durvalumab is a human IgG1 mAb targeting PD-L1 that currently is FDA approved for consolidation treatment in stage III NSCLC at the dose of 10 mg/kg every 2 weeks. Durvalumab is frequently combined with tremelimumab for dual checkpoint inhibitor studies in NSCLC, and its clearance is linear for the doses studied. Additionally, there is no reported pharmacokinetic interaction between tremelimumab and durvalumab. 20 In a phase I study evaluating the combination of tremelimumab with durvalumab in metastatic melanoma, tumor responses were more commonly seen at durvalumab doses between 10 and 15 mg/kg 27 ; however, there is lack of additional data regarding the relationship between the durvalumab dose with efficacy or toxicity. 22 
Clinical trials with nivolumab and ipilimumab
The safety and efficacy of nivolumab with low-dose ipilimumab for treatment of advanced NSCLC was first demonstrated by the phase I CheckMate 012 trial that evaluated treatment with nivolumab 1 mg/kg every 2 weeks plus ipilimumab 1 mg/ kg every 6 weeks, nivolumab 3 mg/kg every 2 weeks plus ipilimumab 1 mg/kg every 12 weeks, or nivolumab 3 mg/ kg every 2 weeks plus ipilimumab 1 mg/kg every 6 weeks randomized in a 1:1:1 ratio for patients with chemotherapy (CT) naïve advanced NSCLC. The combination of nivolumab at 3 mg/kg every 2 weeks with ipilimumab 1 mg/kg every 6 (N3I1) or 12 weeks was found to have a favorable tolerability profile without compromising efficacy and was chosen for further clinical development in the phase II setting. 28 The phase II CheckMate 586 29 study accrued 288 CT naïve patients with advanced NSCLC with a primary endpoint of overall response rate (ORR), stratified by PD-L1 expression (Dako PD-L1 IHC expression of ≥1% and <1%). The key secondary endpoints included progression-free survival (PFS), overall survival (OS), and efficacy stratified by tumor mutation burden (TMB, measured by Foundation One CDx™). The study demonstrated an ORR of 30% with N3I1 for the overall population, and the responses were durable. Tumor PD-L1 expression and TMB emerged as independent biomarkers for predicting the efficacy of N3I1 therapy in this population, though only 29% and 28% of patients were evaluated for PD-L1 and TMB, respectively. The ORR and median PFS was higher for the subgroup of patients with PD-L1 ≥1 versus <1% (ORR: 41 versus 15% and median PFS: 6.8 versus 2.8 months) and TMB ≥10 versus <10 mutations per mega base, mut/mb (ORR: 44 versus 12%, median PFS 7.1 versus 2.6 months). The safety profile of the N3I1 in the study was similar to prior clinical studies with ≥grade 3 treatment-related adverse events (TRAEs) seen in 29% of patients and TRAEs leading to treatment discontinuation in 16% of patients. 29 The prognostic significance of TMB ≥10 mut/mb identified in the CheckMate 586 study was further validated as a coprimary endpoint of part 1, phase III, CheckMate 227 trial 30 that assessed the efficacy of nivolumab monotherapy, nivolumab-based regimens (nivolumab plus chemotherapy or ipilimumab) and CT alone in CT naïve recurrent or metastatic NSCLC. There were 1739 eligible patients who were initially stratified into two groups based on PD-L1 expression (<1% and ≥1%). In part 1a, patients with PD-L1 expression ≥1% were randomized in a 1:1:1 ratio to treatment with N3I1 or histologybased platinum doublet CT or nivolumab 240 mg alone every 2 weeks. In part 1b, patients with PD-L1 expression <1% were randomized in a similar fashion to treatment with N3I1 or nivolumab plus histology-specific CT or CT alone. The coprimary endpoints of the study included PFS in patients with TMB ≥10 mut/mb and OS in patients with tumor PD-L1 ≥1% treated with N3I1 versus CT. The study met its first co-primary endpoint and showed a significantly prolonged PFS with firstline N3I1 in patients with TMB ≥10 mut/mb. 30 CheckMate 227 also met its second co-primary endpoint and demonstrated superior OS with N3I1 compared to CT alone in patients with NSCLC and PD-L1 ≥1%. 31 Patients treated with N3I1 had a median OS of 17.1 months (95% CI: 15.0-20.1), and those treated with chemotherapy alone demonstrated a median OS of 14.9 months (95% CI: 12.7-16.7). The study included several additional secondary and exploratory analyses. In patients with PD-L1 ≤1%, treatment with ipilimumab and nivolumab yielded a median OS of 17.2 months (95% CI: 12.8-22.0), superior to the median OS of 12.2 months (95% CI: 9.2-14.3) with CT alone. Furthermore, the exploratory analyses showed that TMB did not provide any additional predictive information beyond expression of PD-L1 ≥1% and failed to predict survival on treatment with N3I1.
Results of the CheckMate 227 study have established N3I1 as a potential dual checkpoint inhibitor, non-CT containing firstline treatment strategy for patients with advanced NSCLC. CheckMate 817 is a multicohort phase IIIb/IV trial that is assessing the combination of ipilimumab at 1 mg/kg/6 weeks with a flat dose of 240 mg of nivolumab in a population of patients similar to CheckMate 227. Although the OS data from this study have not been reported yet, the initial results from the study were presented at the World Conference of Lung Cancer at Toronto in September 2018 32 and demonstrate similar efficacy and toxicity with the combination of low-dose ipilimumab and flat-dose nivolumab compared to weight-based nivolumab in CheckMate 227.
Although the majority of studies investigating combinations of checkpoint inhibitors have compared treatment with dual checkpoint inhibitors to CT alone, the S1400I trial (a sub-study of the LUNG-MAP trial) is one of the only studies that directly compared treatment with single-agent immunotherapy and dual checkpoint inhibition. In this multicenter phase III trial, patients with immunotherapy naive stage IV squamous cell lung cancer were randomized in a 1:1 fashion to receive N3I1 or nivolumab 3 mg/m 2 every 2 weeks. The primary endpoint of the study was OS. TMB (Foundation one CDx™) and tumor PD-L1 status (Dako 22C3) analyses were performed in selected patients as an exploratory endpoint. The study was closed early for futility at the time of its first interim analysis and did not show any statistically significant survival benefit of dual checkpoint inhibitions over single-agent nivolumab in the study population. However, in contrast to the CheckMate 227 study, TMB emerged as a strong biomarker in the S1400I study. 33 The exploratory analysis demonstrated that TMB ≥10 mut/mb was a predictor of improved survival (hazard ratio [HR]=0.39; 0.16-0.93, p-value=0.004) and that TMB <10 was a predictor of inferior survival (HR: 2.52; 1.03-6.13, p=0.042) on treatment with dual checkpoint inhibitor therapy (N3I1) in patients with PD-L1 negative tumors. 34 Other ongoing trials (Table 1 ) are evaluating the combination of nivolumab and ipilimumab with other novel agents like the triple kinase inhibitor (anti-VEGF, PDGFR, and FGF) nintedanib (NCT 03377023), 35 or an investigational CD122 agonist immunotherapy agent NKTR-214 (NCT02983045). Additionally, the checkpoint doublet is also being assessed in combination with hypofractionated radiation therapy (XRT) in a certain subset of advanced NSCLC patients eligible for localized XRT, and in combination with cytotoxic CT (NCT03573947) or histology-specific platinum doublet CT (NCT03215706).
Clinical trials with durvalumab and tremelimumab
The combination of durvalumab and tremelimumab for the treatment of advanced NSCLC was initially assessed in an early phase, multicenter, dose-escalation study. Durvalumab at a dose of 20 mg/kg with tremelimumab 1 mg/kg (up to four doses) every 4 weeks (D20T1) was found to have an acceptable toxicity profile (17% Grade 3 or 4 AEs) with promising antitumor activity in patients with immunotherapy naïve metastatic NSCLC (ORR 38%) irrespective of tumor PD-L1 status, 36 and this regimen was further developed for dose expansion. To date, at least three phase III trials (MYSTIC, NEPTUNE, ARTIC) are either ongoing or have reported data on the clinical activity of this combination in the first-line or later setting in patients with advanced 38 However, both blood-based (N=809) and tumorbased (N=460) TMB were measured as part of an exploratory analysis in the trial and the results were similar to CheckMate 227: a higher blood (b) TMB level (≥20 mut/mb) was prognostic and was associated with a prolonged survival in patients treated with D20T1 compared to durvalumab or chemotherapy alone (median OS for bTMB ≥20 21.9 months for D20T1, 12.6 months for durvalumab, and 10 months for CT alone; HR for D20T1 versus CT 0.49; 95% CI: 0.34, 0.81). 39 Blood-based TMB was incorporated as an important endpoint in the design of the phase III NEPTUNE trial (NCT02542293) 40 that compared treatment with durvalumab plus tremelimumab (D20T1) with standard-of-care (SoC) platinum-based CT for patients with treatment-naïve EGFR/ALK wild-type stage IV NSCLC, irrespective of tumor PD-L1 status. The primary endpoint of the study was OS in patients with bTMB level of ≥20 mut/mb. The official results of the study are not available, yet a recent press release from AstraZeneca in August 2019 confirmed that this combination failed to meet its endpoint and did not show an improvement in survival compared to standard platinum-based CT in the prespecified biomarker-driven population. 41 Another phase III trial (ARTIC trial, NCT02352948) explored the clinical activity of durvalumab plus tremelimumab or monotherapy with either durvalumab or tremelimumab versus SoC therapy in advanced/stage IV NSCLC with ≥2 prior lines of treatment including platinum-based CT. The patients were stratified into two subgroups before randomization based on PD-L1 status (Ventana PD-L1 SP263 assay). Patients in the PD-L1 negative group (defined as tumors with PD-L1 <25% ) were randomized to treatment with durvalumab plus tremelimumab (D20T1), durvalumab, tremelimumab monotherapy or SoC, and patients with PD L-1 positive tumors (defined as tumors with ≥ PD-L1 25%) were randomized to receive durvalumab alone or SoC. Unfortunately, the study had challenges with accrual and failed to meet its co-primary endpoints of improvement in OS and PFS with durvalumab and/or tremelimumab containing regimens. 42 Most trials that have evaluated the combination of durvalumab and tremelimumab have been unsuccessful in demonstrating an improvement in survival in biomarker selected or unselected patients with advanced NSCLC, and therefore, other combinations of durvalumab plus tremelimumab are being explored with chemotherapy (NCT02537418 and NCT03057106) or radiation therapy (NCT03275597) ( Table 1) . NCT02537418 is an ongoing phase 1b trial by The Canadian Cancer Trials Group that assessed the safety and efficacy of treatment with CT plus durvalumab with or without tremelimumab (CT+D±T) in PD-L1 unselected patients with advanced solid malignancies including metastatic NSCLC. The results from the subgroup of 21 patients with treatment-naïve advanced nonsquamous NSCLC showed that durvalumab (15 mg/kg every 3 weeks) and tremelimumab (1 mg/kg every 6 weeks for multiple doses or 3 mg/kg every 6 weeks for three doses) could be safely combined with platinum doublet CT. 43 In the 17/21 patients evaluable for response the ORR was 52.9% (95% CI: 28-77). Most TRAEs were ≤grade 2 and were attributable to the chemotherapy part of the regimen. There were two dose-limiting toxicities (febrile neutropenia and pneumonitis/lung infection). Fatigue (46%), nausea/vomiting (25%), and anorexia (21%) were the most common immune-related AEs (≤grade 2). 43 The phase III POSEIDON is further building on the concept of combining dual checkpoint blockade with chemotherapy as is evaluating treatment with durvalumab with or without tremelimumab SoC CT compared to SoC CT alone for treatment-naïve EGFR/ALK wild-type stage IV NSCLC. The primary endpoint of the study is OS and PFS, and the trial is currently recruiting globally. 44 Clinical trials with other dual checkpoint inhibitor combinations
There are currently numerous ongoing trials evaluating novel combinations for dual checkpoint inhibition in NSCLC ( Table  1 ). The combination of anti-PD-1 inhibitor cemiplimab with ipilimumab with or without CT is being evaluated in both treatment-naïve (EMPOWER lung 2, EMPOWER lung 3) 45, 46 and pretreated advanced NSCLC (EMPOWER lung 4) 47 large clinical trials. Cemiplimab is also being assessed in combination with a newer anti-CTLA-4 agent REGN 4659 (NCT03580694) in an early phase trial. In addition, the KEYNOTE-589 (NCT03302234) is a currently ongoing randomized, double-blind, phase III trial evaluating the effect of combining pembrolizumab with ipilimumab for patients with treatment-naïve stage IV NSCLC and TPS ≥50%. The patients are randomly assigned to pembrolizumab 200 mg every 3 weeks for 35 doses with ipilimumab 1 mg/kg every 6 weeks or placebo with the primary endpoint of OS and PFS.
Discussion
Despite theoretical benefits and promising preclinical evidence of efficacy, combination checkpoint blockade approaches have demonstrated mixed results in large, phase III studies. The published experience with tremelimumab and durvalumab as a combination therapy in NSCLC has generally been disappointing. In contrast, recent trial results show that the combination of ipilimumab and nivolumab may be a promising first-line option in stage IV NSCLC with wild-type ALK and EGFR. CheckMate 227 met its key co-primary endpoint of OS in the PD-L1 positive population. This combination demonstrated a similar OS in the PD-L1 negative population, an expected and intriguing result. It must be noted, however, that this was a secondary endpoint and not the focus of the trial as designed. Additional randomized trials in a PD-L1 negative population need to be performed to confirm this finding.
CheckMate 227 compared ipilimumab and nivolumab to combination chemotherapy and not to current immunotherapy standard-of-care approaches (i.e. pembrolizumab monotherapy or chemotherapy-immunotherapy combinations). This study design will limit definitive recommendations as to the role of dual checkpoint blockade compared to the current standard of care. This implication becomes important when considering the rate of TRAEs in the combination ipilimumab and nivolumab arms. It will be left to clinicians to consider the relative risks of checkpoint inhibitor monotherapy compared to the increased rates of TRAEs in combination regimens. 3, 31 Of particular interest in the development of combination immunotherapies is the role of biomarkers for identifying patients that are most likely to benefit from such treatments.
In the reviewed trials, PD-L1 and TMB emerged as potential biomarkers for stratifying patients into subgroups that are more likely to respond to the combination approaches. PD-L1 expression is likely to remain the most useful tool for identifying NSCLC patients with a higher likelihood of benefit from immunotherapy. It is an established predictive biomarker for anti-PD-1/PD-L1 monotherapy, and the accumulation of evidence presented suggests a role for PD-L1 as a biomarker for combination therapy with ipilimumab and nivolumab. 3, 48 The results of CheckMate 227 raise the question whether combination checkpoint blockade can be used in a biomarker agnostic setting.
The predictive potential of PD-L1, rather than TMB, may help explain why combination tremelimumab and durvalumab failed to demonstrate a survival advantage compared to SoC platinum-based CT. In the MYSTIC and NEPTUNE trials, the intention-to-treat population included patients unselected for PD-L1 expression. In the ARCTIC trial, PD-L1 expression was included as a factor for stratification before randomization; however, only PD-L1 negative patients (defined as PD-L1 <25%) were randomized to the combination regimen. This population was not enriched for patients with very high PD-L1 expression, who appear to derive the most benefit from dual checkpoint inhibition. Therefore, while CheckMate 227 suggests that combination checkpoint blockade could be used in an unselected population, the results of tremelimumab and durvalumab combinations seem to suggest otherwise.
Despite initial promise, TMB does not appear to be as robust a biomarker as it was originally anticipated to be. There is a lack of consistency regarding its role as a predictor of survival and response to dual checkpoint inhibition across different trials.
The S1400I study showed that a TMB cut of 10 mut/mb was a predictor of survival on dual checkpoint inhibitors, but this finding was restricted to patients with PD-L1 negative tumors. 34 Data from the CheckMate 227 study show that high TMB (≥10 mut/mb) was associated with a superior PFS in patients treated with the combination of ipilimumab and nivolumab compared to chemotherapy. However, the OS data for this combination among TMB high patients were not significantly different, and superior OS was seen among patients with PD-L1 expression ≥1%. Therefore, in this study, TMB provided little additional information above the predictive power of PD-L1 expression alone. 31, 49 Among patients treated with tremelimumab and durvalumab, TMB was initially promising in an exploratory analysis but failed as a predictive biomarker in the NEPTUNE trial. There are several issues with the use of TMB as a biomarker. First, it may be an imperfect surrogate for what really matters in responses to checkpoint inhibition -that is, neoantigens conferring tumor immunogenicity. Current TMB assays factor in the nonsynonymous mutations that drive tumor-specific immune response with other mutations. 50, 51 Additionally, utilizing cutoffs to stratify such a heterogeneous marker into high and low groups may not take into account the proportion of mutations that actually create neoantigens. 51 Finally, additional complexity is introduced in the interpretation of TMB analysis by use of blood versus tissue as the source of genomic information in the MYSTIC and NEPTUNE studies. In CheckMate 227, only 57.7% of patients who were enrolled and randomized had valid TMB scores for use in efficacy analysis, highlighting the technical challenges that still need to be addressed in the development of TMB as a clinically useful assay.
Conclusion
Combination treatment with ipilimumab and nivolumab has shown promise in NSCLC among PD-L1 positive patients, and based on the CheckMate 227 trial, it is an emerging treatment option in the first-line setting. In contrast, dual checkpoint therapy with tremelimumab and durvalumab has not demonstrated clear efficacy in NSCLC when compared to platinum-based chemotherapy. Presently, combination checkpoint blockade is not FDA approved for use in NSCLC, and issues with trial design make it difficult to assess the role these combinations would play if approved. PD-L1 expression rather than TMB may remain the most important predictive factor in selecting patients for combination checkpoint blockade. Despite the promise of combination strategies in PD-L1 positive patients, more can be done to improve responses in PD-L1 negative patients. Combination strategies may offer such benefits, based on the OS findings in PD-L1 negative patients in CheckMate 227. However, subsequent randomized trials will need to be conducted to confirm these findings. Additional factors to consider when designing and analyzing subsequent combination trials are the selection of appropriate comparator arms and the effect that treatment-related adverse events have on the duration of therapy.
